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Threshold reduction in pierced microdisk lasers
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GaAs microdisk lasers with holes pierced through the disk surface are investigated for their
threshold characteristics. Disks are fabricated with either a single hole or two diametrically opposite
holes at various distances from the disk outer edge. Even though the disk area is reduced by only
1%, we find that the lasing threshold for a disk with one hole is reduced by up to 50% compared to

a disk with no hole. We attribute this reduction to the perturbation of nonlasing modes, which
decreases the amplification of spontaneous emission in these modes and makes more carriers
available to contribute to lasing. @999 American Institute of Physid&§0003-695(99)00301-(

Semiconductor microdisk lasers are of interest forby undercutting with a selective wet etch. Finally, the struc-
micron-scale low-threshold laser devices. Their laser modetires are passivated in ammonium sulphide and stabilized
approximate whispering-gallefy’G) modes, for which the with a 30-nm-thick silicon nitride encapsulati8he disks
high reflectivity at the curved disk boundary gives low- have a diameter of 12.6m with 0.5 um square holes. Disks
threshold operation. The laser threshold is a function of thdave been fabricated with one hole, or two holes placed op-
optical confinement, gain/absorption balance, scattering prgposite each other, separated from the disk outer edge by 0.5,
cesses, and device dimensions. The optical confinement ih 1.5, 2, or 2.5um. Devices were fabricated in square arrays
these structures is high because of the large dielectric discomith a 75 um pitch. To increase the vertical collection effi-
tinuity between the disk and the surrounding air, while car-ciency of the edge emission, scattering structures comprising
rier absorption and scattering processes are difficult td5xm wide mesas were placedn away from each row of
modify. Threshold characteristics can be calculdtédand  disks, on the side of a hole.
various research groups have Sought to achieve low- The modes in a dielectric disk are solutions of the three-
threshold operation by shrinking the device dimensions tglimensional Maxwell equations. For disk thicknesses
reduce spontaneous emission into nonlasing mbdethe  less thank/27¢, where \ is the free-space wavelength
smallest microdisk laser reported having L6 diameter and 7 is the effective refractive index, the three-dimen-
Other groups have concentrated on optimizing the edge quafional system can be approximated by a two-dimensional
ity of their devices to improve the optical confinement, re-ON€ _described by - the Helmholtz equation, V(
sulting in further reductions of the laser threshbld. +4m° n/\?)y=0, which yields Bessel-function solutions

In this letter we present an approach for decreasing thér the radial field distribution:y(r)oJm n[ (27 76t /Nr].
threshold in a large semiconductor disRs¢\) based on Heré,Jmn is the Bessel function of numben and ordem.
reducing the amplified spontaneous emissi®SE) into
competing nonlasing modes. We achieve this reduction by
removing material from the interior of the disk, which re-
duces the photon lifetimes for modes with field in this re-
gion. Since the ASE depends on the photon lifetimes of the
corresponding modes, fewer carriers emit into these modes,
making more carriers available to contribute to lasing. The
introduction of one small hole, comprising approximately
1% of the disk area, can reduce the laser threshold by a
factor of 2.

Figure 1 shows an electron micrograph of a typical mi-
crodisk structure with small holes etched through the top
surface(Fig. 1). The disks contain four 10 nm GaAs quan-
tum wells (QW9) separated by AlL{Ga 7,As barriers, and
are defined by electron-beam lithography and reactive ion
etching. The pedestal&00 nm Al :Ga, 35AS) are created

FIG. 1. Microdisk laser of radius 6.@m with two holes at a distance of 0.5
um from the edge. In this scanning electron micrograph image, the electron
3Electronic mail: jrac@hermes.cam.ac.uk beam penetrates the disk, showing the etched underlying pedestal.
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FIG. 2. Radial intensity distribution of the lasing first-order WG mode
(thick line) and a nonlasing higher-order WG modhin line) for a 6.3um 0.70
radius disk(Bessel-function numban= 127 andm= 93, respectively The

radial positions of the etched holes A, B, C, D, and E are, respectively, 0.5, E 0.60
1.0, 1.5, 2.0, and 2..xm away from the disk edge. The field for the first- E,
order mode has a full width at half maximum of 323 nm and its peak is = 0.50
situated 215 nm inside the disk edge. Inset: laser spectrum for a two-hole &
disk, representative of all microdisk devices measured. § 0.40
g0
.
The boundary condition for a first-orden€ 1) WG mode is & 030

the coincidence of the first node of the Bessel function with
the disk edge; for a 6.&m radius disk radiating at 809 nm,
M= M na=127. The intensity distribution af,,7 ; is plotted

in Fig. 2, with that of a higher-order WG modenE&93, n o _ _

=8) for Comparison Here the Iasing mode is assumed to b IG. 3. (a) Laser emission dependence on pump power for disks with one
. R . .. . ole for different edge-to-hole spacings. The excitation power corresponds

Im, 1, Whose field is concentrated just inside the disk edg& the power incident on the diskb) Variation in the threshold for the

and thus experiences the smallest losses. All modes witbne-hole and two-hole disks.

field further inside the disk are referred to as nonlasing

modes Om<Mmax'n)' Neglecting the finite field at the disk sumes the laser light is collected at the onset of lasing. This
edge(needed for emission of the laser light from the curvedmethod does not yield absolute threshold values but allows
boundary and the effect of the pedestal, is expected to resulgomparison of the lasing characteristics of these devices. The
in only small corrections to the description above. Superim+nreshold values are of the same order as those given in the
posed on Fig. 2 are the hole positions. Since the holes breajeratyre: e.g., 194/W for a 5.um-diam GaAs microdisk at
the circular symmetry, the Bessel-function picture above igg K 10
useful only qualitatively for pierced disks. Threshold characteristics for the one-hole and two-hole
The pierced microdisks were excited optically with a disks are plotted in Fig. (8). The thresholds for the disks
continuous-wave Ti:sapphire laser operating at 780 nnyithout holes are the same in both arrays, implying they
wavelength. The exciting light was focused through a longwere fabricated consistently. Compared to the disks with no
working-distance microscope objectiy&25 magnification  holes, both the one-hole and the two-hole disks show thresh-
to a spot 30um in diameter. The samples were mountedold increases for the outer two-hole positigAss and 1um)
inside a microscope cryostat attached toxay-z stage, en-  and threshold reductions for the inner two-hole positi¢hs
abling excitation of different devices without changing theand 2.5um). The thresholds are lower for the one-hole disks
measurement conditions. All measurements were taken atgmpared to two-hole disks.
temperature of 10 K. To interpret the data, we consider loss and gain contri-
The inset in Fig. 2 shows a typical emission spectrum forutions to the photoluminescence, to the laser field, and to
a microdisk laser with two holes. All disks exhibited identi- the excited carrier distributions. Photoluminescence is af-
cal spectral features with a sharp laser line at 809.1 nm sifected in two ways. First, the etched hole can scatter non-
perimposed on the broad QW luminescence. The subsidiagyuided spontaneously emitted light into all cavity modes,
peaks are associated with higher-order WG modesd), including the lasing mode. This pumping mechanism would
rather than the neighboring first-order WG modas=(L, m  affect the lasing mode and nonlasing modes equally, and not
=Mpna=1), which would be spectrally separated b¥6.0  change the threshold. Second, the hole can influence the cou-
and +6.1 nm, respectivelyrelative to a gain width of 12 pling of the photoluminescence to the pedestal, which is
nm). etched more for increasing edge—hole separati@assseen
Emission measurements were made on the different onghrough the disk in Fig. 11 In the region of the disk above
hole and two-hole disks and compared to disks without hole¢he pedestal, vertical confinement is precluded; light gener-
(Fig. 3. Threshold determination in microcavity lasers is ated there is lost into the pedestal and cannot contribute to
difficult due to their nonlinear lasing characteristidSor the  nonlasing modes. A smaller pedestkirger undercytwill
purposes of this work, we defined the laser threshold by théncrease the photon lifetimes for nonlasing modes, causing
spectrum in which the first laser peak appeared. This asnore carriers to be lost through ASE to such modes. This
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effect would increase the threshold for disks with smaller  In the case of the pierced microdisk laser, the symmetry
pedestalggreater hole/edge separatignghich is not seen of the lasing mode is preserved, Q1 is constant, while

in the data, suggesting that this effect is not dominant.  certain nonlasing modes are severely attenuated due to their
The laser field can be affected by the hole in two ways.overlap with the holes. This leads to a favorably higlfer
First, any additional decoupling of the laser mode and the&ompared to the no-hole case. The hole interrupts the optical
pedestal is expected to be negligible, since the pedestal {sath of all WG modes whose fields overlap the h@@eg.,
already several wavelengths away from the laser mode even,; swith holes A, B, or C in Fig. 2and replaces them with
without the additional undercut due to the hole. Second, thgess confined and highly asymmetrical modes. These per-
laser mode intersects the hole for small hole/edge spacinggirbed modes will pass through the pedestal redishere
causing scattering of the laser light, thus reducing its photoRertical confinement is not possibler strike a hole/air or
lifetime and contributing to the threshold increase. disk-edgef/air boundary at an angle less than the critical angle
The excited carriers are likely to be affected by the holesand be strongly attenuated. The hole thus increases the loss
in two ways. First, the holes introduce nonradiative recom-of these perturbed nonlasing modes, substantially reducing
bination traps(GaAs surface statgslocally reducing the their photon lifetimes compared to the previous nonlasing
probability of radiative recombination despite the sulphidewG modes. Since the light in these modes also intersects the
passivation which is effective in reducing surface statesjaser field located close to the periphery, the hole reduces the
Given a carrier diffusion length of several micrometers, fornumber of excited carriers that are lost through ASE to these
small laser mode/hole separations excited carriers will be losionlasing modes, increasing the ASE factor of the pierced
to these nonradiative traps, increasing the threshold. Sudffisk. Placing a hole as close as possible to the disk periphery
trapping should be stronger if there are more holes and thigithout directly interfering with the lasing mode itself, will
can be seen in Fig.(B) for hole positions<1 um from the  degrade the greatest number of nonlasing modes and mini-
disk edge. For hole spacingsl um, the surface states re- mize the threshold; as the hole is moved further inwards,
duce radiative recombination into nonlasing modes, thusnore modes will turn into WG modes with a higher photon
contributing to threshold reduction. lifetime and the threshold will again increase to its “no-
The second effect of the holes on the excited carriers ifiole” value. We consider this to be the dominant mechanism
to increase the fraction of the ASE that is coupled into thefor reducing the laser threshold in the pierced microdisks.
laser mode, as a result of modifying the spatially overlapping  In conclusion, we have demonstrated how engineering
but nonlasing resonator modes. For circularly symmetricifferences between the photon lifetimes of lasing and non-
disks, without holes, small variations in area will produce|asing optical modes in microdisk resonators produce signifi-
only minimal changes in theelative photon lifetimes be-  cant changes in the lasing threshold. An increase in threshold
tween different cavity modes. However, if a small hole isfor disks with holes placed close to the edge of the disk is
introduced, it acts as a defect to perturb the modes whiclue to the scattering of the laser light by the holes and the
overlap the hole and reduces their photon lifetimes, whileabsorption and trapping of excited carriers by surface states
other modes are essentially unaffected. In this case, it is us@round the holes. The strong reduction in laser threshold for
ful to define an amplified spontaneous emission faafoas  holes spaced-1 um from the disk periphery is attributed to
the ratio of ASE into the lasing mode and nonlasing modesthe reduction of the ASE into nonlasing modes, as this makes
more carriers available for emission into the laser mode.

(= _ASBin tasing. Thus, improvements in performance of mesoscale lasers re-
ASEinto nonlasing sult from optimizing thesymmetryof the different optical
R 2 2 modes, as well as reducing their volume.
T {AM (D AN (D27, b dr g
fg{zrt,lnﬂ’l(|Am,n(r)|2|AMmaxl(r)|2)Tm,n}r dr’ The authors would like to thank J. Allam for fruitful

discussions and suggestions.
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